Merkel cell polyomavirus (MCV) is the first polyomavirus directly linked to human cancer, and its recent discovery helps to explain many of the enigmatic features of Merkel cell carcinoma (MCC). MCV is clonally integrated into MCC tumor cells, which then require continued MCV oncoprotein expression to survive. The integrated viral genomes have a tumor-specific pattern of tumor antigen gene mutation that incapacitates viral DNA replication. This human cancer virus provides a new model in which a common, mostly harmless member of the human viral flora can initiate cancer if it acquires a precise set of mutations in a host with specific susceptibility factors, such as age and immune suppression. Identification of this tumor virus has led to new opportunities for early diagnosis and targeted treatment of MCC.
INTRODUCTION
opportunistic diseases (e.g., progressive multi-focal leukoencephalopathy and posttransplant nephropathy) that occur in immunosuppressed patients and were named after their source patients' initials. Although JCV has been linked to brain tumors and prostate cancers and BKV to colon cancer, a consistent and robust association between these viruses and diseases has not yet been demonstrated, and they are not widely believed to be human cancer viruses. It was not until 2007 that two more human polyomaviruses were found: Karolinska Institute polyomavirus (KIV) and Washington University polyomavirus (WUV) were named after the institutions wherein they were identified (17, 18) . Both were detected in samples from children who had respiratory tract infections, but it is not known whether these viruses are responsible for symptomatic infection. Encapsidated viral particles were enriched by DNAase treatment followed by library construction and mass sequencing of cloned complementary DNA.
MCV was the fifth human polyomavirus to be identified. The search for a viral cause of MCC was based on the epidemiology of this unusual tumor (see the section entitled Association of Merkel Cell Carcinoma with Immunosuppression, below). Isolated messenger RNA from four carefully dissected MCC tumor samples was examined by digital transcriptome subtraction by use of high-fidelity sequence databases made available through the Human Genome Project. This process is tailored to distinguish viral sequences from human sequences without physical separation. Deep-sequencing data from sample libraries made from polyadenylated transcripts were first verified for stringent high-fidelity reads; then an in silico subtraction, with removal of all identifiable human sequences, was performed. These steps produced a tractable number of candidate transcripts that were subsequently compared with viral sequences at a lower stringency to find sequences having homology to known viruses. Out of ~400,000 MCC transcripts sequenced, one transcript had 54% homology to the tumor antigen (T antigen) of the African lymphotropic green monkey polyomavirus, which was isolated in 1972 by zur Hausen & Gissmann (19) from a monkey lymphoblastoid cell line. A second MCV transcript from a genome region with low homology to other polyomaviruses was subsequently found in the sequenced libraries.
In the initial description of MCV, several important determinations were made. First, a panel of tissues was tested in a randomized and blind fashion for the presence of the viral genome (5) . Of 10 MCC tumors, 8 tested positive for MCV, and 7 had high copy numbers that were later found to range between 1.6 and 48 virus copies per tumor cell (20) . Of 84 non-MCC tissues, 9 (11%) tested positive for the viral genome; all were detected at the limits of polymerase chain reaction (PCR) sensitivity. Studies from other laboratories reported similar rates of MCV positivity in MCC tumors. A survey of 819 MCC patient tumors in 27 published studies from North America, Asia, and Europe, conducted through November 2010, revealed 634 tumors (77.4%) to be positive for MCV DNA (E. Mirvish, unpublished data).
Second, when the virus is present in tumors, the integration pattern is clonal in both primary tumors and metastases (5, 21) , which provides evidence that the viral infection was present prior to the clonal expansion of the neoplastic cell. Southern blotting of Merkel cell tumors and cell lines is most consistent with the virus integrating as head-to-tail concatemers at a single insertion site in each particular tumor, but the insertion sites mapped from different MCCs appear to be distributed throughout the genome (5, (21) (22) (23) .
The integration of the viral genome refutes the possibility that MCV is merely a coincidental, passenger infection in MCC, and it supports the contention that virusassociated tumors are biologic accidents (24) . Although one study (25) reports the presence of viral particles by electron microscopy in two of five MCCs, robust antibodies developed against the late capsid protein viral protein 1 (VP1) universally show that tumor cells are negative (26, 27) .
Following the description of MCV, three human polyomaviruses were discovered by use of rolling-circle amplification (RCA). This technique is based on random primer extension with a DNA-dependent polymerase that can displace an annealed DNA strand such as P29, preferentially amplifying circular DNA (28). Products of amplification are then cloned and sequenced. Using RCA, Schowalter et al. (29) in 2010 found human polyomavirus 6 (HPyV6) and HpyV7 as common skin flora. In the same study, the authors also routinely found MCV in skin samples of healthy donors, which accords with the hypothesis that MCV is part of the normal viral flora of the skin. Also in 2010, an eighth human polyomavirus was identified in virus-associated trichodysplasia spinulosum (VATS) (30) . VATS is a rare, nonneoplastic disorder that manifests with hyperkeratotic spinous papules of the face and is observed exclusively in posttransplant and immunosuppressed individuals. On the basis of this association with immunosuppression and ultrastructural detection of polyomavirus-like particles (31), van der Meijden and colleagues (30) applied RCA to VATS spicules to find trichodysplasia spinulosum polyomavirus (TSaPyV). More recently, fluids and tissues from immunosuppressed patients were screened by consensus PCR, and a ninth human polyomavirus (HPyV9) was found in kidney secretions (32) . Most of the newly discovered human polyomaviruses appear to be widespread but previously unrecognized human infections.
Of the nine human polyomaviruses, JCV and BKV are the most closely related to SV40. WUV and KIV form another group and are the most similar to each other, among the human polyomaviruses. HPyV6 and HPyV7 form yet another group and phylogenetically are the most closely related to MCV. HPyV9 is the most like African green monkey polyomavirus, and it branches with TSaPyV to cluster in the MPyV group (Figure 2 ). There appears to be no inherent correlation between phylogenetic position and tumorigenic potential in the different human, as well as nonhuman, polyomaviruses. The discovery of seven new human polyomaviruses over the past four years shows that additional members of this family of human viruses are likely to be described, and such viruses may be etiologically linked to human disease.
Polyomavirus Genome Organization
The polyomaviruses share common genome features, as illustrated by the genome of MCV in Figure 3 . All express overlapping transcripts from a single T antigen locus that comprises approximately half of the viral genome. These genes are expressed immediately after infection and thus are considered early genes. A critical function for these early genes is the initiation of viral DNA replication. Late structural proteins, including VP1, VP2, and VP3, are secondarily induced in an orderly cascade of VP expression. VP1 is the principal component of polyomavirus capsomers, and it assembles with VP2 and VP3 to form the viral capsid structure.
All the early T antigen proteins share a common exon 1 sequence and then diverge as a result of differential splicing. Two T antigen isoforms have been the focus of cancer studies: a large T antigen (LT) and a small T antigen (sT). Middle T antigen, present in some polyomaviruses but not in MCV, led to the elucidation of the importance of phoshatidylinositol 3-kinase activation for transformation (33) . Other multiply-spliced T antigen isoforms, such as 17-kT antigen in SV40, have also been described, but their biological functions remain obscure. SV40 and several other polyomaviruses also encode a small agnoprotein that is important for replication (34) but is not found in the MCV genome.
On the basis of SV40 studies, LT is generally thought of as the principal polyomavirus oncoprotein. Expression of SV40 LT fully transforms rodent fibroblasts into cancer cells, and this transforming capability has been attributed, in part, to LT's ability to inactivate retinoblastoma protein (pRB) and p53 tumor-suppressor family members (35) . LT localizes to the nucleus and sequesters pRB through an LXCXE motif in its N terminus. Its interaction with p53 maps to a C-terminal site that is proximal to the LT DNA-replication origin-binding domain (OBD) and a helicase domain required for viral DNA replication. To initiate viral DNA replication, LT assembles as a double hexamer on the viral origin, and its helicase activity opens the viral DNA, allowing assembly of the cellular DNA-replication machinery (36) .
The sT protein is expressed from the same start site as LT, but rather than splicing out the first intron, the sT message reads through the splice site to encode the rest of the sT protein. Thus, both LT and sT polyomavirus proteins encode a heat shock protein-binding (DnaJ) domain from their common N terminus (37, 38) . sT also encodes a protein phosphatase 2A (PP2A) family interaction domain that is not present in LT (39) . For SV40, sT does not transform cells when expressed alone but enhances LT-induced cell transformation (40) . Both SV40 LT expression and sT expression are required, together with activated H-Ras and telomerase, to transform human fibroblasts by defined oncogene expression (41) .
Genome Details of Merkel Cell Polyomavirus
Similar to other polyomaviruses, MCV has a 5,387-bp genome that is divided into early and late coding regions by a noncoding regulatory region (NCRR) (Figure 3 ). The MCV NCRR contains a 71-bp core sequence that constitutes the viral replication origin, which efficiently sustains T antigen-directed DNA replication (42) . This minimum core origin encompasses two subdomains: an AT-rich tract that contributes to DNA melting and an LT-binding sequence that contains eight GAGGC pentanucleotide sequences. In addition to the minimum core origin, NCRR contains regulatory elements and transcriptional promoters for early and late viral gene expression that are bidirectionally coordinated with viral DNA replication (43) .
The MCV early region encodes an LT, an sT, and a 57 kT, all of which share a 78-amino acid (aa) N terminus ( Figure 4 ). The LT is expressed from a transcript that splices after the first exon (78 aa; frame 1) into a C-terminal exon of 738 aa (frame 3). The 432-aa MCV 57-kT antigen (analogous to the SV40 17-kT antigen) derives from a multiply-spliced transcript with three exons (78 aa, 254 aa, and 100 aa). Its second intron deletes a 350-aa region of LT associated with viral replication functions, but 57 kT is otherwise co-C-terminal with the last 100 aa of LT. The MCV sT transcript reads through the initial LT splice site and translates a 186-aa protein. MCC-derived MCVs have tumor-associated missense mutations or deletions in the portion of the T antigen gene encoding LT. These mutations eliminate the C-terminal replication functions of this protein but do not interfere with N-terminal LT domains, including the LXCXE motif that targets cellular retinoblastoma and related pocket proteins, or with expression of the sT protein, which plays a more critical role in cell transformation than does SV40 sT.
The late region encoding VP1, VP2, and VP3 is expressed after the onset of viral DNA replication to self-assemble into ~55-nm-diameter viral particles, which demonstrate the icosahedral symmetry that is characteristic of polyomaviruses (44) . MCV structural proteins are relatively dissimilar to those of BKV and JCV, so antibodies against MCV VP generally do not cross-react to these viruses (26) .
MERKEL CELL CARCINOMA: PATHOLOGY
In his initial report of five cases, Toker (1) applied the name trabecular carcinoma to these primary cutaneous neoplasms because of the perceived pattern of growth of the tumor cells. Over the next decades, as ultrastructural analysis and immunohistochemical reagents were used to examine these tumors, a wider spectrum of pathologic features were described. Despite the apparent phenotypic complexity of MCC, a more clearly defined profile of MCC has evolved with the identification of MCV.
Morphologic Features of Merkel Cell Carcinoma
MCCs are typically located in the dermis, where the tumor cells form sheets, nests, or less commonly, trabecular and anastomosing aggregates. Invasion of the subcutis is common, whereas extension into overlying epidermis is unusual. Morphologically, MCC tumor cells have round to oval nuclei that have been variably described as vesicular or finely granular. Cells have small nucleoli; significant mitotic activity; and scant, syncytial-appearing cytoplasm. Intratumoral necrosis and inflammatory infiltration vary from case to case. These cytologic features alone, however, are not sufficiently distinctive to permit differentiation of MCC from other primary or metastatic small, round, blue cell tumors that may occur in the skin; such tumors include lymphoma, small cell carcinoma, the Ewing family of tumors, sarcomas with round cell features including rhabdomyosarcoma, and other noncutaneous neuroendocrine carcinomas (see Reference 45 for a review).
Diagnostic Considerations
Electron microscopy played a key early role in defining several unique features of MCC. Most tumor cells were observed to contained membrane-bound, dense-core structures in the cytoplasm that were reminiscent of neurosecretory-type granules (46, 47) . The identification of these granules by electron microscopy prompted investigation of MCC through the use of enzymatic and immunohistochemical assays, which confirmed that such tumors can express chromogranin, synaptophysin, and other neuropeptides. Neoplasia arising from normal cells that contain these granules include various neuroendocrine carcinomas, such as carcinoids, paragangliomas, pheochromocytomas, and pulmonary small cell carcinomas. Whereas the last group of tumors may be associated with paraneoplastic syndromes secondary to physiologically active neuropeptides, MCCs are not known to manifest these symptoms. Nevertheless, because of their ability to elaborate neuropeptides, MCCs are also known as primary cutaneous neuroendocrine carcinomas.
Another consistently recognized ultrastructural feature of MCC tumor cells is the presence of so-called fibrous bodies composed of intermediate filaments localized in a perinuclear distribution (47) . As shown by immunohistochemical staining, these unusual structures correspond to skeins of cytokeratin filaments of low molecular weight. It is unknown why this unique arrangement of cytokeratin occurs in Merkel cells, although oligomerization is important for the diffuse cytoplasmic distribution and function of cytokeratin filaments. Such perinuclear fibrous bodies correspond immunohistochemically to low-molecularweight keratins that are localized in a perinuclear, dot-like pattern and are recognized by several antibodies: AE1/AE3, Cam 5.2, and cytokeratin 20 (CK20) ( Figure 5 ). CK20 positivity, which is considered the most discriminating feature, along with several exclusionary markers, including thyroid transcription factor 1 and leukocyte common antigen, constitutes the primary diagnostic panel for MCCs. Frequently, chromogranin and synaptophysin are sought as confirmatory support for diagnosis, and proliferation markers are used to guide clinical prognosis (see Reference 48 for a review). Expression of both neuroendocrine and epithelial markers, phenotypes confirmed both ultrastructurally and immunohistochemically, has complicated the assignment of histogenesis for MCC.
Immunohistochemical staining for MCV proteins has expanded the list of clinical diagnostic tools used to identify MCCs. MCV-related and MCV-unrelated MCC tumors may have different pathoetiologies and prognoses (49) . Viral antigens are readily detected in most MCC tumors with high copy number integrants (20, 50, 51) and are useful for distinguishing MCV-positive MCCs from other tumors (52, 53) . MCV antigen expression is restricted to tumor cells in these tumors without requiring staining of intermixed healthy tissues. Antibodies to MCV LT in MCC lesions show robust, diffuse nuclear reactivity in tumor cells (Figure 6a,b) . Nevertheless, a minority of MCV DNA-positive MCC tumors score negative for LT expression (20, 54) . Although this finding may arise from the increased sensitivity of PCR-based DNA detection, compared with immunohistochemical detection of protein in fixed tissues, some tumors express MCV sT in the absence of MCV LT positivity (Figure 6c,d) . This finding provides evidence that MCV sT may play a critical role in MCVinduced tumorigenesis (55) . 
Pathologic Variants of Merkel Cell Carcinoma
The vast majority of MCCs develop as histologically pure lesions; however, there are cases of primary cutaneous neuroendocrine carcinomas with a mixed phenotype that reveals concurrent involvement with neoplasms of ectodermal and, rarely, mesodermal derivation. Whether these represent collision tumors versus combination tumors is difficult to resolve. In any event, neither MCV DNA nor its encoded proteins have ever been found to be present in the neuroendocrine carcinoma portions of these variants (25, 50) . Further, neuroendocrine carcinomas from various noncutaneous sites, including pulmonary, cervical, and mucosal head and neck neuroendocrine carcinomas, are uniformly negative for MCV (53, 58) .
MERKEL CELL POLYOMAVIRUS: MOLECULAR BIOLOGY AND

PATHOLOGY
Large T Antigen Mutations and Tumorigenesis
Presently, little is known about the natural biology of MCV. What is the human host cell for this virus? Can this virus infect cells of varied histogenesis? How does the virus get into Merkel cells, and is this cell type non-permissive for viral replication? Initial studies on MCV have understandably concentrated on transforming features in MCC tumors that harbor high copy numbers of the viral genome. Nearly all MCV genomes isolated from tumors have mutations that truncate the C terminus of the LT protein such that this protein's natural ability to activate MCV DNA replication is lost (59) . These mutations always occur distal to the pRB-binding site and disrupt the OBD or the helicase domain, but they are otherwise randomly distributed. Thus, LT proteins expressed in different tumors vary in size, depending on the site of their mutations (20) . There is strong selective pressure within tumors to eliminate viral replication capacity, and in addition to LT truncation, mutations in VP1 and the viral origin that prevent the formation of active virus have been reported (42, 60) .
Loss of replication capacity is a common feature of tumor viruses, including some papillomavirus-induced cancers. Tumor selection of MCV LT mutations is likely to arise from active viral replication that causes cell lysis and death (24) . In the case of MCV, the expression of full-length LT protein, once the virus has integrated, leads to unlicensed DNA replication from the newly integrated site, thereby causing replication-fork collisions and DNA-strand breakage (59) . For the tumor cell to survive once MCV has integrated, it appears that a second mutation to eliminate LT-initiated DNA replication is needed. Because virus integration and T antigen mutation are uncommon and independent events, the requirement for both events may explain why MCC is rare even though MCV infection is common (Figure 7 ). In addition to inhibiting viral DNA replication, another explanation for such tumor-derived mutations is that the C terminus of LT may encode a potent, cytotoxic T lymphocyte-recognized epitope. This speculation is reasonable, given that MCC is highly susceptible to immune status, and studies suggest that levels of infiltrating T cells are directly associated with favorable prognosis (61).
For SV40, expression of LT alone leads to the in vitro transformation of susceptible cell lines. Neither wild-type nor tumor-derived MCV LT proteins, in contrast, initiate cellular transformation, as measured by soft agar colony formation, focus formation, or cell growth in low serum (55) . However, this finding does not imply that MCV LT does not play a role in MCV tumorigenesis. MCV LT has protein motifs in its N terminus similar to those found in SV40 LT. Its conserved LXCXE domain mediates MCV LT interactions with pRB family members, and mutation of this domain abolishes pRB binding (59) . Likewise, the DnaJ domain of MCV LT can bind to Hsc70, as has been observed with SV40 LT (42) . All the MCV tumor mutations found so far spare these domains, which suggests that they contribute to MCC tumorigenesis. Consistent with this hypothesis, Houben et al. (62) found that in vitro survival of tumor cells from established MCC-derived cell lines depends on a functional pRB interaction domain.
Using tandem-affinity purification, Liu et al. (63) found that MCV LT also interacts with a novel component of the cellular-vacuolar sorting protein machinery termed Vam6p or VPS39. This interaction is unique to MCV and does not occur in SV40. It is also entirely unexpected because MCV LT is a nuclear protein and binding to Vam6p causes the cellular protein to relocalize to the nucleus. The site of Vam6p interaction has been identified as a domain immediately adjacent to the pRB-binding site on LT; thus, it is spared from tumorderived LT mutations. Although the consequences of Vam6p sequestration by LT are unknown, it appears that Vam6p can regulate MCV replication. An engineered MCV molecular clone with a mutated LT Vam6p-binding site shows increased replication in 293 cells compared with a wild-type MCV molecular clone (43) . It is unknown whether MCV LT binding to Vam6p contributes to MCC tumorigenesis.
Small T Antigen and Tumorigenesis
The MCV sT and LT share the N-terminal region that includes the CR1 and DnaJ domains. The unique MCV sT C terminus interacts with the cellular PP2A protein, as occurs in other polyomaviruses (42, 64) . Evidence suggests, however, that there are subtle differences between the activities of MCV and SV40 sT proteins that may contribute to major features of MCV-driven MCC.
Unlike SV40, MCV sT is sufficient to fully transform rodent fibroblasts into independently growing cancer cell lines (55), which is not enhanced by coexpression of either wild-type or tumor-derived forms of MCV LT. Knockdown of MCV sT expression in MCC cell lines causes cells to stop proliferating but does not cause MCC cell death. Mutations to the MCV sT PP2A interaction domain do not have major effects on MCV sT as an oncoprotein, which suggests that PP2AA targeting is not this protein's primary function during cell transformation.
Surveys of signaling pathways targeted by MCV sT also reveal unique differences that are not found in SV40 sT protein. MCV sT activates cap-dependent translation by maintaining hyperphosphorylation of the 4E-BP1 regulatory protein. 4E-BP1 is a downstream target of the Akt-mTOR (mammalian target of rapamycin) signaling pathway: When 4E-BP1 is hyperphosphorylated by mTOR, it releases the protein translation-initiation factor eIF4E, thereby allowing eIF4E to bind to 7-methyl guanosine-capped messenger RNA and to recruit the ribosomal machinery required for translation. MCV sT promotes hyperphosphorylation of 4E-BP1; this dysregulated cap-dependent translation appears to enhance cell transformation. Even though no cooperation has been observed in rodent cell transformation assays between MCV sT and LT proteins, there is strong evidence to suggest that this process does occur. Expression of MCV sT does not rescue MCC cells in which the T antigen locus has been repressed, indicating that other T antigen isoforms also play a role in MCC carcinogenesis.
EPIDEMIOLOGY OF MERKEL CELL CARCINOMAS AND MERKEL CELL
POLYOMAVIRUS Incidence and Trends
Evidence of the incidence and mortality of MCC has been established only over the past few decades as MCC has gained recognition as a distinct entity. Most early studies comprised large case series rather than population-based analyses, and pathologic definition of MCC was often variable and incomplete. Increased awareness of MCC over time has probably contributed in part to the apparent increases in MCC incidence.
With these caveats in mind, early Surveillance, Epidemiology, and End Results (SEER) data collected in the United States between 1984 and 1996 showed an annual age-adjusted incidence of 2.3 cases per million among whites and only 0.1 cases per million among blacks (65) . Melanoma was diagnosed in this analysis 65 times as often as MCC, but both skin cancers showed a correlation between UVB exposure at residence of diagnosis and cancer incidence. Unlike melanoma, whose risk increases at a relatively constant rate with age, MCC incidence sharply increases in elderly populations, and only 5% of the MCC patients in this survey were diagnosed before age 50. Cases among immunosuppressed transplant patients were also noted; taken together, the epidemiology of MCC largely reflects the mnemonic A-E-I-O-U [asymptomatic, expanding rapidly, immune suppression, older than 50, and UV exposure (66) ] for clinical diagnosis of MCC. Overall SEER incidence for MCC tripled from 1.5 cases per million in 1986 to 4.4 cases per million in 2001 (4), and long-term survival among these patients was highly dependent on the extent of tumor dissemination; localized MCC cases had a five-year survival rate of 75%, compared with 25% for persons with disseminated disease (3).
Only a few population-based studies of this cancer have been performed outside the United States, mainly in relatively homogeneous European populations such as Finland (67), Denmark (68) , and the Netherlands (69) . These studies revealed rates and patterns for MCC similar to those observed in the United States. In particular, there also has been a general increase in MCC diagnosis over time in these populations. MCC is a rare (approximately one to four cases per million per year) aggressive neoplasm with high mortality, although the rates of initial dissemination differ among the registries. Whereas racial differences in MCC risk are evident in most studies (presumably due to differences in skin pigmentation), isolated reports have described MCC in populations throughout the world.
Association of Merkel Cell Carcinoma with Immunosuppression
Immunosuppression was recognized as a risk factor for MCC in early case reports on transplantation (70, 71) and AIDS patients (72). Engels et al. (2) compared AIDS and cancer registries to identify immune-related cancers and found that AIDS patients have a 13-foldincreased age-and sex-adjusted risk for developing MCC compared with the general population. Together with the increased risk among the elderly, which may reflect an agerelated decline in cell immune surveillance, these clinical findings are consistent with MCC having an infectious etiology. Kaposi's sarcoma is an analogous tumor that afflicts the elderly and immunosuppressed (73) .
Prevalence of Merkel Cell Polyomavirus Infection in Populations
Early studies identified low copy numbers of the MCV genome in various tissues from healthy persons and from non-MCC patients. Although most MCC tumors have high copy numbers of the viral genome, MCV DNA is found at trace levels in other tissues, particularly skin, which is consistent with MCV being part of the healthy human flora (29) . Serologic studies have confirmed this finding and have revealed that MCV is a common if not ubiquitous human infection. Polyomavirus serology has been based largely on antibodies reacting to the late structural proteins VP1 and, to a lesser extent, VP2. For viruses that are closely related to SV40, such as BKV and JCV, there can be extensive cross-reactivity among viral structural antigens that is best distinguished by competition assays in which each viral antigen is used to preadsorb sera prior to testing. Serologic cross-reactivity to BKV and JCV is likely to explain reports of widespread human infection with the SV40 rhesus macaque virus (9, 74, 75) .
Serum reactivity to isolated MCV VP1 was first reported by Kean et al. (76) , who found 25-42% prevalence in MCV antibody positivity. Carter et al. (77) used an improved multiplex antibody-binding assay to detect levels of MCV VP1 in sera and found a prevalence of 59% in control subjects from the general population, Peptide mapping of VP1, however, reveals that conformational epitopes present in assembled viral particles provide higher sensitivity and specificity for measuring past MCV exposure. Expression of MCV VP1 and VP2 in cells generates self-assembling virus-like particles (VLPs) that can be used as antigens for immunoassays. Using this approach, Tolstov and colleagues (44) found an age-related increase in MCV seroprevalence to age 50, at which 80% of healthy North American blood donors showed evidence for past MCV exposure. Using MCV VLPs, Touze et al. (78) reported similar results. Antibody responses to MCV VLPs are not diminished by crosscompetition with other polyomavirus antigens, which indicates that they are highly specific for MCV infection. When a reporter gene is incorporated into the VLPs, the pseudovirions can be used to infect susceptible cells, thereby allowing measurement of neutralizing antibodies that may be even more sensitive and specific than the enzyme immunoassay based on VLP (26) .
Thus, similar to other human polyomaviruses, MCV appears to be a common infection of childhood, and primary infection may be asymptomatic. The rate of seroprevalance in children younger than 4 years of age is 9%, which increases to 35% by 4-13 years of age (79) . In a longitudinal study of healthy adult gay and bisexual men, aged 18 years and up, who were recruited and followed for signs and symptoms related to HIV and AIDS, 79% had antibodies to MCV at entry into the study, and subsequently 31 (5.5%) of the men seroconverted to MCV positivity (80) . No apparent signs, symptoms, or common laboratory test results were significantly associated with primary MCV infection among these men.
Prognostic Value of Merkel Cell Polyomavirus Detection
MCV status in MCC may have a clinical prognostic value. In a survey of Finnish MCC patients, Sihto et al. (67) found significantly reduced disease-specific mortality for patients with MCV-positive MCC compared with patients with MCV-negative MCC. A French study (21) revealed similar results for tumors with one or more viral copies per tumor cell but concluded that MCC patients with detectable MCV virus in peripheral blood cells fared worse than MCC patients without virus shedding.
These and other studies are complicated by the ready detection of viral DNA by PCR in nontumor tissues. Although MCV is abundant in most MCC tumors, it is evident that the virus can be found as normal flora at various body sites (5, 20, (81) (82) (83) (84) (85) (86) (87) . MCV immunohistochemistry, a less sensitive but more robust technique than PCR, has confirmed that MCV-positive tumors are associated with better prognosis in two studies (57, 88) but not in a third (89) . Tests for serum antibodies to MCV T antigen show that elevated MCV T antigen antibodies are also a risk for disease progression (90) . If MCV-positive tumors are less malignant or more amenable to therapy, these findings may be due in part to cellular immune responses to MCV antigens. Disease progression may be marked by loss of controlling immune surveillance, which can lead to detectable viremia and increased antibodies against viral early antigens (26, 44, 91) .
Association of Merkel Cell Polyomavirus with Other Cancers
Common human infection with MCV complicates the establishment of a significant relationship between MCV infection and other cancers. Population registries have repeatedly revealed significant associations between MCC and other cancers as either primary or secondary neoplasms. Chronic lymphocytic leukemia (CLL), salivary gland cancers, nonHodgkin's lymphomas, and various non-MCC skin cancers, for example, are elevated either prior or subsequent to MCC (68, 92, 93) . The relationship between MCC and CLL is particularly well established and suggests the possibility of a common etiology.
Non-MCC skin tumors have been examined for MCV infection by PCR and immunoblotting because of their frequent cooccurrence with MCC (94) . In general, MCV is not commonly found in melanomas, basal cell carcinomas, and squamous cell carcinomas (83 95-97) , although one group (98) has reported detection of the viral genome in these tumors more frequently than expected. To resolve this issue, we examined a panel of basal cell and squamous cell carcinomas in patients with previous or subsequent MCC. None of the non-MCC skin tumors were positive for MCV T antigen expression, which suggests that MCV does not directly contribute to these tumors but, instead, that these tumors may share risk factors such as excessive sun exposure (99) .
Varying reports exist on the presence of MCV genome detection in CLL tumors as well. MCV has been reported to have a lymphotropism (20, 100) , and quantitative PCR has detected MCV in lymphocyte populations from MCC patients (20, 21) . Patients with MCVpositive MCC tumors have an elevated risk for CLL compared with patients with MCVnegative MCC tumors (101), but direct examination of CLL tumors does not reveal a pattern of MCV genome positivity (20, 52) . In one study, MCV genome and protein expression was identified from a subset of CLL tumors, and importantly, recovered viral genome was defective, which is reminiscent of MCV infection in MCC (102) . In contrast, a study (103) of two patients with concurrent MCC and CLL demonstrated that MCV protein is expressed only in the MCC component and not in the CLL component (Figure 8 ). Comparison between MCV antibody positivity in CLL patients and in a leukemia control group also did not reveal differences in the rates of MCV prevalence (103) .
The repeated demonstration that MCC and CLL are linked together in cancer patient surveys remains an important and interesting correlation. Although most CLL tumors are not positive for MCV, the virus may contribute to a significant fraction of CLL cases. Data from initial studies on this topic are contradictory and will require extended studies using the rapidly improving technologies that can detect MCV infection. If the virus does not directly contribute to CLL, then it is likely that other common risk factors or CLL-related immunosuppression plays a role in this correlation.
Merkel Cell Polyomavirus and Merkel Cell Carcinoma: Causality
Determining whether a virus causes cancer is fraught with contention and is highly dependent on the criteria used to determine proof (104, 105) . The best-known criteria, Koch's postulates (106) , are a nineteenth-century construct that do not take into consideration modern concepts of asymptomatic carriage, species specificity of infection, cell-dependent viral replication, and endogenous retroviruses. Although Koch's postulates are frequently cited by nonepidemiologists, they are not considered useful for most human viral pathogens, and some investigators have attempted to modernize these concepts (107).
In the 1960s, A.B. Hill (108) promoted a list of criteria to establish causality between a factor and human disease that rely mainly on epidemiologic correlations. Hill's criteria have been used successfully for viruses such as Kaposi's sarcoma-associated herpesvirus (109), but they are tractable mainly for pathogens, unlike MCV, in which infection prevalence is low. Clonal integration of MCV within tumors is evidence for MCV infection of the individual preneoplastic cells prior to tumorigenesis; this finding fulfills Hill's temporalrelationship requirement, which is the most important of the epidemiologic criteria (5).
More than 40 published studies from around the world confirm the strong relationship between a subset of MCCs and MCV. Serologic studies suggest that, like Burkitt's lymphoma-associated Epstein-Barr virus infection, MCV is a common childhood infection that only rarely leads to cancer. Other factors and events are required for an MCV infection to evolve into a cancer. Hill's criteria, developed to address the association between cigarette smoking and lung cancer, are useful in designing natural history studies to study these questions, but critics have raised doubts about their universal use in determining whether particular infectious agents cause specific cancers (24) . More probabilistic Bayesian approaches may ultimately be needed to establish whether common viral infections contribute to cancers.
The strongest direct evidence for MCV's role in MCC is experimental. Fully transformed and tumorigenic MCV-positive and MCV-negative MCC lines have been established (5, 110) . If the viral T antigen locus is knocked down with short-hairpin, small interfering RNA vectors, MCV-positive cells arrest and initiate nonapoptotic cell death (23) . MCV-negative cell lines are unaffected by MCV T antigen knockdown, as expected given that the virus is not present. Thus, the virus directly contributes to signaling events that maintain the tumor phenotype in MCV-positive cells, and it appears to be necessary for the tumor. Although no tumors other than MCC are consistently infected at high copy numbers, only a small fraction of tumor types has been examined. It is possible that additional tumors that have not yet been examined harbor MCV infection.
As with all other human cancer viruses, MCV infection alone is not sufficient for tumors to develop. MCC tumors require specific mutations (both T antigen truncation and genomic integration) and possibly immunosuppression or, at least, loss of specific surveillance for MCV epitopes and additional cellular changes or mutations that allow outgrowth of the tumor. In short, the evidence that MCV contributes to most MCCs is overwhelming, but additional risk factors and changes to the virus must occur before clinically apparent MCC will emerge.
FUTURE PERSPECTIVES
We are entering a phase of MCV research in which causality for MCC is widely accepted, but the mechanistic details of MCC tumorigenesis remain unexplored. As with other human tumor viruses, identifying the cellular targets of MCV will undoubtedly lead to new fundamental insights into cancers other than those caused by MCV. Thus, an uncommon and previously obscure cancer may contribute to profound discoveries applicable to more common noninfectious cancers.
MCC, like other virus-associated cancers, is highly immunologically responsive due to the presence of foreign viral antigens in tumor cells. An unusual quality of MCCs concerns the spontaneous regression of disseminated tumors (e.g., Reference 111), possibly due to improved immune surveillance. The viral epitopes recognized by immune surveillance pathways have not been defined, but this line of investigation holds promise for more effective and targeted immunity-based therapies for this cancer. MCV and other viral cancers are the most promising candidates for therapeutic vaccines, and the lessons learned from these cancers could be applied to noninfectious cancers as well.
A precise understanding of the signaling pathways targeted by MCV also points toward new approaches to treating this cancer. The surprising finding that MCV sT rather than LT initiates in vitro cell transformation suggests the importance of cap-dependent translation dysregulation to MCV-positive MCC. New small-molecule inhibitors of cap-dependent translation and mTOR signaling have potential for specific molecular therapies for this previously poorly responsive cancer. The search for additional cellular mutations that act in concert with MCV to induce MCC may provide novel signaling insights that can be extended to other cancers.
The identification of MCV has already provided a more precise molecular pathology diagnosis for MCC, and rapid scientific progress that promises to improve the diagnosis of and clinical care for MCV is under way. Although critics of the Human Genome Project have recently suggested that few clinical benefits have emerged from this project, this statement is clearly contradicted by the discovery of MCV, which would not have been possible without the availability of the human genomic sequence. Genome organization of Merkel cell carcinoma. The wild-type Merkel cell polyomavirus genome is 5,387 bp long and contains a noncoding regulatory region (NCRR), from which the virus bidirectionally encodes for early and late proteins. In addition to the early and late transcriptional promoters, the NCRR also contains the viral origin (red), which can be mapped to 71 bp of contiguous sequence recognized by the large tumor antigen (LT). LT, small T antigen (sT), and 57-kT antigen constitute the gene products of the early region. Viral protein 1 (VP1) and VP2 are late proteins required for capsid formation and viral replication. Steps in the molecular evolution of Merkel cell carcinoma (MCC). 
